Casitas B-cell lymphoma (Cbl) family ubiquitin ligases negatively regulate tyrosine kinase-dependent signal transduction by promoting degradation of active kinases. We and others previously reported that loss of Cbl functions caused hyperproliferation in lymphoid and hematopoietic systems. Unexpectedly, Cbl deletion in Cbl-b-null, Cbl-c-null primary mouse mammary epithelial cells (MECs) (Cbl triple-deficiency) induced rapid cell death despite enhanced MAP kinase and AKT activation. Acute Cbl triple-deficiency elicited distinct transcriptional and biochemical responses with partial overlap with previously described cellular reactions to unfolded proteins and oxidative stress. Although the levels of reactive oxygen species were comparable, detergent-insoluble protein aggregates containing phosphorylated c-Src accumulated in Cbl triple-deficient MECs. Treatment with a broad-spectrum kinase inhibitor dasatinib blocked protein aggregate accumulation and restored in vitro organoid formation. This effect is most likely mediated through c-Src because Cbl triple-deficient MECs were able to form organoids upon shRNA-mediated c-Src knockdown. Taking these data together, the present study demonstrates that Cbl family proteins are required to protect MECs from proteotoxic stress-induced cell death by promoting turnover of active c-Src.
Casitas B-cell lymphoma (Cbl) family ubiquitin ligases negatively regulate tyrosine kinase-dependent signal transduction by promoting degradation of active kinases. We and others previously reported that loss of Cbl functions caused hyperproliferation in lymphoid and hematopoietic systems. Unexpectedly, Cbl deletion in Cbl-b-null, Cbl-c-null primary mouse mammary epithelial cells (MECs) (Cbl triple-deficiency) induced rapid cell death despite enhanced MAP kinase and AKT activation. Acute Cbl triple-deficiency elicited distinct transcriptional and biochemical responses with partial overlap with previously described cellular reactions to unfolded proteins and oxidative stress. Although the levels of reactive oxygen species were comparable, detergent-insoluble protein aggregates containing phosphorylated c-Src accumulated in Cbl triple-deficient MECs. Treatment with a broad-spectrum kinase inhibitor dasatinib blocked protein aggregate accumulation and restored in vitro organoid formation. This effect is most likely mediated through c-Src because Cbl triple-deficient MECs were able to form organoids upon shRNA-mediated c-Src knockdown. Taking these data together, the present study demonstrates that Cbl family proteins are required to protect MECs from proteotoxic stress-induced cell death by promoting turnover of active c-Src.
CBL | ubiquitin ligase | tyrosine kinase | protein degradation | stress response T he Casitas B-cell lymphoma (Cbl) family proteins, Cbl, Cbl-b, and Cbl-c/Cbl-3 in mammals are evolutionarily conserved E3 ubiquitin ligases defined by a high degree of structural similarities, namely the presence of the N-terminal tyrosine kinase binding domain, a short linker region followed by the RING finger domain (1) . By binding cognate phosphotyrosine motif-containing proteins in the tyrosine kinase binding domain (2, 3) and E2 ubiquitinconjugating enzymes in the linker-RING finger domains (4-6), Cbl family proteins facilitate transfer of ubiquitin moieties from E2 to activated signaling molecules of the tyrosine kinase-regulated pathways (7) (8) (9) . Because ubiquitination primarily serves as a signal for protein degradation (10) , Cbl family proteins play essential roles in limiting the magnitude and duration of active signal transduction.
We and others previously demonstrated that Cbl functions are required for orderly activation of the immune and hematopoietic systems (reviewed in refs. 11 and 12) . However, comparable studies in epithelial tissues have not been reported. Initial analyses of Cbldeficient mice described increased mammary ductal density and branching in the absence of Cbl (13) . A subsequent study suggested that Cbl functioned in the mammary stroma to support mammary organogenesis (14) . On the other hand, despite its confirmed expression in the mammary gland, no significant defects were described in the mammary gland development of Cbl-c-deficient mice (15) . In a separate study, transgenic overexpression of Cbl-c was shown to cause mild delay in mammary ductal elongation (16) . However, considering high degrees of sequence similarities and overlapping expression, essential functions of Cbl family proteins may be obscured when only a single member of the family is manipulated. Definitive roles of Cbl family proteins may not become apparent unless all family members are deleted.
To address this issue, we generated Cbl, Cbl-b, and Cbl-c tripledeficient mouse mammary epithelial cells (MECs) by acutely deleting Cbl on the Cbl-b, Cbl-c double-deficient background. Using this system, we herein report that Cbl family proteins are indispensable for the survival and proliferation of normal adult MECs.
Results

MEC Survival Is Impaired in the Complete Absence of Cbl Family Proteins.
To investigate the roles of Cbl family proteins in the mammary gland, we previously attempted to delete Cbl in the MECs using the mammary gland-specific mouse mammary tumor virus (MMTV)-Cre on the Cbl-b-deficient background (MMTV-Cre;Cbl flox ;Cblb del mice). In this model, however, mutant mice developed aggressive myeloproliferative disorders and most of them died by 8 wk of age (17) . Early mortality hampered detailed analysis of the mammary gland phenotypes. We were also concerned that the poor overall health of the mice might cause secondary changes to the mammary gland development. To circumvent these problems, we elected to delete Cbl in vitro with adenovirus-expressing Cre DNA Significance Casitas B-cell lymphoma (Cbl) family proteins are RING fingercontaining E3 ubiquitin ligases involved in degradation of activated tyrosine kinases. Previous studies in Cbl-deficient models focused primarily on the consequences of persistent tyrosine kinase signaling resulting in uncontrolled cell activation and proliferation. In the present study, we provide evidence that, in the complete absence of Cbl family proteins, failure to turn over active tyrosine kinases induces irreparable breakdown of the homeostasis of the protein milieu in primary mouse mammary epithelial cells and triggers stress-mediated cell death. Thus, our data reveal that well-regulated removal of active tyrosine kinases is essential for cell survival, an aspect of Cbl family protein functions that has not been previously fully appreciated.
recombinase. Mice carrying Cbl flox (conditional mutation) (18), Cblb del (null mutation) (19) , and Cblc del (null mutation) (15) alleles were crossed to homozygosity to generate Cbl flox ;Cblb del ;Cblc del (triple-mutant, TMut; without Cre expression, these mice are Cbl-b, Cbl-c double-deficient and express Cbl only) mice. We introduced the null allele of Cblc in this study because Cbl-c was reported to be expressed in epithelial tissues including the mammary gland (15) . Thus, Cre-mediated deletion of Cbl from the TMut cells will render them deficient in all three Cbl family members. Both male and female TMut mice were apparently healthy up to 300 d of age and fertile. Mammary gland development of virgin female TMut mice was indistinguishable from that of WT controls (Fig. S1A ) and dams successfully nursed multiple litters, indicating that normal mammary gland functions can be maintained in the absence of Cbl-b and Cbl-c. There was no significant difference in the ratio of CD29 hi CD24
+ (basal/myoepithelial cells; mammary epithelial stem cell activities also reside in this population) and CD29 med CD24
hi (luminal) populations or the ratio of Sca-1 lo (luminal progenitors) and Sca-1 hi (mature luminal) cells (20) within the luminal population between WT and TMut mammary glands (Fig. S1B) . A mild increase in the levels of surface Sca-1 was detected reproducibly in TMut cells, but the reason for this observation is not clear.
To delete Cbl from Cbl-b, Cbl-c double-deficient MECs, we isolated primary MECs from adult virgin TMut females and infected them with Ad5CMVCre-eGFP (Cre adenovirus; this virus expresses a fusion protein of Cre and GFP) in culture (Fig. 1A) . To control for cytopathic effects of adenovirus, half of the cells were infected with Ad5CMVeGFP (GFP adenovirus). Cre-mediated Cbl deletion was confirmed by genomic DNA analysis, quantitative RT-PCR (qRT-PCR), and immunoblotting ( Fig. 1B and  Fig. S2) . The low-level expression of Cbl protein in Cre-infected TMut MECs is likely a result of residual protein at the time of sample collection. We could not extend culture duration because of cell death, as described below. Although ∼10% of the cells did not score positive for GFP expression (Fig. S2) , they never outgrew GFP (+) cells in multiple experiments we performed for this study, suggesting that essentially 100% of the cells underwent Cre-mediated DNA recombination.
We first evaluated the effects of Cbl triple-deficiency on MEC growth in a monolayer culture on tissue culture-treated plastics. Without adenovirus infection, both WT and TMut MECs proliferated. Upon infection with the control GFP adenovirus, the cell viability reduced acutely, but both WT and TMut cells recovered and started to proliferate by day 2 (Fig. 1C , Left). When infected with the Cre virus, however, although its effects on WT cells were comparable to GFP virus infection, TMut cells never showed signs of proliferation, and by day 3 all cells detached from the plate (Fig. 1C, Right) .
Considering that Cbl, Cbl-b double-deficient lymphocytes, and bone marrow cells proliferated significantly more robustly than WT cells (17, 18) , death of Cbl triple-deficient MECs was rather unexpected. We next placed them in the laminin-rich extracellular matrix (Matrigel) for 3D culture. Cre-infected primary MECs from WT mice formed organoids in 7-10 d (Fig. 1D) . Some organoids developed hollow lumens (Fig. 1D, Lower) , whereas other did not (Fig. 1D, Upper) . However, MECs from TMut mice infected with Cre virus failed to form organoids, indicating that Cbl family proteins are required for MECs to generate such structures in vitro. Of note, whereas MECs from TMut mice infected with the control GFP adenovirus were capable of forming organoids, they were generally smaller in size than those from WT MECs and they rarely formed hollow lumens. Combined with reduced proliferation in a monolayer culture after GFP virus infection (Fig. 1C) , these observations may indicate that, although functionally competent in vivo (as judged by their ability to nurse their young), Cbl-b, Cbl-c double-deficient MECs are more vulnerable to certain stressful conditions, such as in vitro culture or adenovirus infection. Although organoid-forming efficiency and its morphology have been previously linked to the lineage and the developmental stages of the MECs (21), we did not pursue these aspects further in the present study. Of note, because Matrigel is a laminin-rich extracellular matrix that can engage integrins (22) , it is unlikely that failed organoid formation by Cbl triple-deficient MECs in 3D culture was because of anoikis.
We also tested whether Cbl triple-deficient MECs could grow in vivo. Cre adenovirus-infected MECs were injected into the cleared mammary fat pads of immunodeficient NOD.Cg-Prkdc scid Il2rg tm1Wjl / SzJ (NSG) mice. Cells were injected 1 d after adenovirus infection, when both WT and TMut cells showed comparable viability (Fig.  1C) . As expected, WT MECs formed ductal outgrowths. However, Cbl triple-deficient MECs were incapable of repopulating cleared mammary fat pads (Fig. 1E) .
From these results, we concluded that Cbl family proteins are required for normal primary mouse MEC survival and growth. Cre adenovirus infection, when both WT and Cbl triple-deficient MECs showed comparable cell numbers and viability.
To evaluate cell proliferation, we measured DNA synthesis by pulsing the cultures with BrdU for the last 6 h of incubation. Whereas more than 60% of WT cells incorporated BrdU, Cbl triple-deficient cells showed essentially no BrdU incorporation ( Fig. 2A) , indicating that DNA synthesis is impaired when Cbl family proteins are acutely removed.
We next assessed DNA fragmentation by TUNEL assay. As shown in Fig. 2B , nearly half of Cbl triple-deficient MECs stained positive, whereas no WT cells showed DNA fragmentation. Interestingly, cleaved caspase 3 was not detected in either WT or Cbl triple-deficient MECs (Fig. 2C ), suggesting that cell death in Cbl triple-deficient MECs is mediated through caspaseindependent mechanisms.
Multiple independent reports demonstrated that Cbl family proteins were required to facilitate degradation of active receptor tyrosine kinases (23) (24) (25) . In line with these previous observations, we found that phosphorylated EGFR persisted up to 30 min after ligand stimulation in Cbl triple-deficient MECs, but peaked at 5 min after stimulation and declined swiftly in WT cells (Fig. 3) . Furthermore, activation of downstream signaling molecules, such as Erk and AKT in Cbl triple-deficient MECs was mildly elevated, indicating that these biochemical events can be uncoupled from cell proliferation and survival (Fig. 3) .
Altogether, we conclude that DNA synthesis is blocked and MECs cannot survive in the complete absence of Cbl family proteins although conventional EGFR-downstream signaling pathways are preserved.
Cbl Deficiency Triggers Stress Responses. Loss of Cbl functions has been associated with hyperactivation of the Ras-Raf-MAPK pathway (1). In human, germ-line mutations in CBL manifest many clinical features shared with congenital Ras pathway gene mutations and they are collectively known as the RASopathies (26). At the cell biological level, activating mutations in the Ras pathway genes are known to induce oncogene-induced senescence in untransformed cells (27) . However, unlike Cbl triple-deficient MECs, cells expressing active Ras undergo a few rounds of cell division before they cease to divide (28) . Furthermore, senescent cells are still alive and metabolically active. Clearly, our observations in Cbl triple-deficient MECs do not conform to the definitions of senescence.
In light of the rapid onset of cell death, we considered that Cbl triple-deficient MECs might be undergoing stress instead. To test this, we analyzed the stress-related gene-expression profiles using a commercial PCR-based gene-expression array. This array covers multiple stress and cell death-related pathways including apoptosis, autophagy, cell cycle arrest, DNA damage and repair, hypoxia, inflammatory response, necrosis, osmotic stress, oxidative stress, and the unfolded protein response (UPR). Primary mouse MECs were prepared as above and RNA was isolated 24 h after Cre infection. As shown in Fig. 4A , we could not identify a single pathway that was systematically altered, but the genes that showed greater than 50% up-regulation in Cbl triple-deficient MECs fell into either the autophagy, hypoxia, inflammatory response, osmotic stress, oxidative stress, or UPR pathways.
In parallel, we analyzed the gene-expression profile of MCF10A human untransformed MEC line expressing shRNA against Cbl and Cbl-b [Cbl, Cbl-b double knockdown (dKD); still expresses Cbl-c]. We previously reported that, although dKD MCF10A cells were viable and EGFR degradation was delayed, loss of Cbl and Cbl-b did not enhance cell growth in response to growth factors (29) . Gene-set enrichment analysis on the genes up-regulated more than 50% in dKD MCF10A cells found a significant enrichment in UPR-associated genes ( Fig. S3 and Table S1 ).
Because the UPR genes are highly represented in both Cbl triple-deficient MECs and dKD MCF10A cells, we decided to investigate this pathway in more detail. Additionally, we were also intrigued by the up-regulation of the heme oxygenase 1 (Hmox1) transcript in both datasets. Previously, Cbl was shown to be involved in responses to toxicants and oxidative stresses (30) (31) (32) . Although we did not observe global up-regulation of oxidative stress-induced genes in the present datasets, because of these previous reports we decided to examine the oxidative stress pathway as well.
First, we repeated qRT-PCR on select stress-related genes to confirm findings from the commercial array. In the UPR pathway, we found Ddit3 (DNA-damage-inducible transcript 3; also known as Chop or Gadd153) and Hspa5 (heat shock protein 5; also known as Bip or Grp78) up-regulated in Cbl triple-deficient MECs, whereas there was no increase in the spliced form of Xbp1 (X-box binding protein 1) (Fig. 4B ). In the oxidative stress pathway, we confirmed Hmox1 up-regulation.
These changes in gene expression were corroborated at the protein level. Among the three arms of the UPR, the protein kinase R-like endoplasmic reticulum (ER) kinase (PERK) and Inositol-requiring enzyme 1 (IRE1) pathways are commonly linked to stress-mediated cell death (33) . As anticipated from Ddit3 up-regulation, phosphorylation of PERK as well as the level of CHOP (C/EBP homologous protein, the protein product of Ddit3) were elevated in Cbl tripledeficient MECs compared with WT cells. Despite an increase in PERK phosphorylation, we observed only a marginal increase in the phosphorylation of eukarotic initiation factor 2α (eIF2α) 24 h after Cre infection. Furthermore, there was no discernable increase in the levels of phosphorylated IRE1α (Fig. 4C ). In the oxidative stress pathway, consistent with the elevated transcript level, heme oxygenase 1 protein level was increased in Cbl triple-deficient MECs.
Active c-Src Partitions into Detergent-Insoluble Fraction in Cbl TripleDeficient MECs. We then examined how these molecular/biochemical changes were reflected at the functional and morphological levels. Despite the up-regulation of the oxidative stress-inducible gene Hmox1, the reactive oxygen species (ROS) levels were comparable between WT and Cbl triple-deficient MECs (Fig. 5A) .
Certain types of cell death can be identified by characteristic morphological changes. Therefore, MEC ultrastructure was analyzed by transmission electron microscopy. More membrane-bound structures (morphologically identified as multivesicular bodies and lysosomes) with electron-dense deposits were found in Cbl tripledeficient MECs than in WT MECs, although the difference did not reach a statistically significant level ( Fig. 5B and Fig. S4 ). We did not observe nuclear condensation or enlarged ER, features generally associated with apoptosis and ER stress, respectively.
Because of the presence of electron-dense deposits and upregulation of UPR genes, we investigated whether protein aggregates could be detected by additional means. ProteoStat is a molecular rotor-type fluorescent dye that exhibits a significant increase in fluorescence quantum yield in the presence of protein aggregates (34) . When we applied this reagent to primary MECs, we found strong fluorescence in the cytoplasm of Cbl triple-deficient MECs but not in WT MECs, indicating protein aggregates formed in the absence of Cbl family proteins (Fig. 5C ). To determine if these ProteoStat (+) aggregates are associated with specific intracellular organelles, we stained Cbl triple-deficient MECs with representative markers of the protein degradation pathway. We focused on this pathway because Cbl has been primarily associated with protein degradation. As shown in Fig. 5D , ProteoStat (+) aggregates did not colocalize with EEA1 or LAMP1. However, they showed considerable overlap with LC3A/B staining, suggesting an involvement of the autophagy pathway.
Next, we sought to define the composition of the aggregates. After extracting mild detergent-soluble proteins with RIPA buffer, lysates were centrifuged and pellets were dissolved directly in SDS sample buffer. As an initial analysis, we probed for EGFR and c-Src, both well-characterized Cbl targets (1). Fig. 5E demonstrates that more EGFR and c-Src were present in the RIPA-insoluble fraction of Cbl triple-deficient MECs than that of WT MECs. Furthermore, there was a noticeable decrease in the chaperone HSP90 in the RIPA-soluble fraction of Cbl triple-deficient MECs and concomitant increase in the RIPA-insoluble fraction.
It is well established that the primary function of Cbl family proteins is to ubiquitinate tyrosine phosphorylated signal transduction molecules and facilitate their degradation. Therefore, if the increase of c-Src and EGFR in the RIPA-insoluble compartment was a result of loss of Cbl-mediated ubiquitination, accumulated proteins should be tyrosine phosphorylated. When the phosphorylation status was investigated using specific antibodies, phosphorylated (Tyr416) c-Src was detectable in both RIPA-soluble and -insoluble fractions (Fig. 5E) . However, phosphorylated EGFR was present only in the RIPA-soluble fraction and not in the RIPA-insoluble fraction. Treatment with a ROS scavenger N-acetyl-L-cysteine (NAC) had no effect on the inability of Cbl triple-deficient MECs to form organoids, even though the up-regulation of the oxidative stressinducible gene Hmox1 was inhibited (Fig. 6A) . In contrast, the PERK inhibitor GSK2606414 (35) partially restored the organoid formation of Cbl triple-deficient MECs in Matrigel (Fig. 6B) . In the presence of GSK2606414, organoid formation of WT MECs was greatly accelerated so that, at the highest drug concentrations, some of the organoids started to collapse by the time they were enumerated on day 7. To verify the specificity of this compound, we tested another PERK inhibitor, GSK2656157. Although not as robust as GSK2606414, GSK2656157 also partially restored organoid formation by Cbl triple-deficient MECs (Fig. S5) .
Dasatinib Blocks Protein Aggregate Formation and Restores Organoid
Formation by Cbl Triple-Deficient MECs. Sandilands et al. previously reported that Cbl functions as a selective autophagy cargo receptor to protect FAK-deficient mouse squamous carcinoma cells from cell death caused by active Src turnover failure (36) . Although their system differs from our present model in a number of aspects, colocalization of ProteoStat (+) aggregates with an autophagosome marker LC3, as well as the presence of active c-Src in detergent-insoluble fractions in our system, led us to ask whether the death of Cbl triple-deficient MECs was because of accumulation of active c-Src. Active c-Src is thermodynamically unstable and prone to aggregate (37) .
To address this question, we first treated Cbl triple-deficient MECs with a Src/Abl family kinase inhibitor, dasatinib. We found dasatinib potently restored organoid formation by Cbl triple-deficient MECs (Fig. 7A) . On the other hand, treatment with an EGFR tyrosine kinase inhibitor gefitinib showed no effect on organoid formation by Cbl triple-deficient MECs (Fig.  7B) . Combined with the absence of phosphorylated EGFR in the detergent-insoluble fraction (Fig. 5E ), these data support the idea that death of Cbl triple-deficient MECs is not the consequence of EGFR overactivation. Gefitinib inhibited organoid formation by WT MECs in a dose-dependent manner, underscoring the requirement for EGFR signaling in this process.
To further investigate the link between ProteoStat (+) aggregate formation and cell death, we treated Cbl triple-deficient MECs with stress pathway inhibitors (NAC and GSK2606414) and kinase inhibitors (dasatinib and gefitinib). As shown in Fig. 7C , treatment with dasatinib almost completely abolished aggregate formation in Cbl triple-deficient MECs, whereas cells treated with other chemicals still formed aggregates. Interestingly, the PERK inhibitor GSK2606414 reduced the amount of aggregates but did not completely eradicate them.
Loss of c-Src Restores Organoid Formation by Cbl Triple-Deficient MECs.
Dasatinib was originally developed as a Src/Abl family kinase inhibitor (38) and approved for the treatment of BCR-ABL [the fusion gene product of BCR (breakpoint cluster region) and the Abl1 kinase gene] (+) chronic myeloid leukemia. However, its target spectrum is much broader than other clinically approved BCR-ABL inhibitors. Potential dasatinib targets include receptor tyrosine kinases, such as c-Kit, PDGFR, the ErbB family and ephrin receptors, and nonreceptor tyrosine kinases, such as the TEC family, FAK and Syk, as well as serine/threonine kinases in the MAP kinase pathways (39) .
Therefore, it is conceivable that, although we found c-Src in a detergent-insoluble fraction, cyto-protective effect of dasatinib may be mediated through any of the numerous kinases that interact with this compound. To decipher the precise mechanism of dasatinib action in the present system, we first asked whether the cytoprotective effects of dasatinib can be attributed to its broad range of targets. To this end, we performed organoid formation assays in the presence of a nonspecific kinase inhibitor, staurosporine. Unlike dasatinib, staurosporine treatment did not restore organoid formation by Cbl triple-deficient MECs, suggesting involvement of specific dasatinib targets in this process (Fig. S6) .
We next evaluated the expression levels of known and proposed dasatinib targets using the EMBL-EBI Expression Atlas (https:// www.ebi.ac.uk/gxa/home) and concluded that c-Src is a likely candidate based on its abundant expression in the adult mammary gland. We first confirmed that phosphorylated c-Src colocalized with ProteoStat (+) aggregates in Cbl triple-deficient MECs, whereas phosphorylated EGFR failed to do so, which is anticipated from the inability of gefitinib to restore organoid formation (Fig. 8A) .
To test the role of c-Src directly, we infected Cbl TMut MECs with lentivirus-encoding tetracycline-inducible shRNA against c-Src, deleted Cbl by Cre adenovirus infection, and subjected the cells to organoid formation assay in the presence and absence of doxycycline. One of three shRNAs restored organoid formation upon doxycycline treatment, and this was the only clone that reduced c-Src expression significantly (Fig. 8B) .
Based on these observations, we conclude that Cbl family proteins are required to promote turnover of tyrosine kinases, most notably c-Src, and that failure of this process leads to aggregate formation and induces cell death through biochemical pathways involving PERK activation (Fig. 8C) .
Discussion
In the present study, we uncovered an essential role of Cbl family proteins in active c-Src turnover in normal MECs, and that loss of this clearance mechanism results in stress-mediated cell death. Previous studies focused primarily on their roles in ubiquitinating active receptor tyrosine kinases and promoting trafficking through the endosomal pathway for degradation. Delayed clearance of phosphorylated EGFR in Cbl triple-deficient MECs (Fig. 3) is consistent with this well-established functions of Cbl family proteins, but our data demonstrate that enhanced MAPK and AKT activation cannot override proteostatic stress in primary MECs completely deficient in Cbl family proteins.
Because receptor tyrosine kinases and Src family kinases have been widely accepted as Cbl targets, we focused on EGFR and c-Src in the current study. Between these two tyrosine kinases, although active c-Src was detectable in the detergent-insoluble fraction as well as in the ProteoStat (+) aggregates, phosphorylated EGFR was conspicuously absent from these pools, and inhibition of EGFR tyrosine kinase activity had no effect on the Cbl triple-deficient MEC survival. The prevailing consensus is that EGFR binds to Cbl only upon ligand-induced phosphorylation (40) and becomes ubiquitinated (8, 9) , which serves as a signal for degradation in the lysosome (41) . Because nonubiquitinated EGFR is not efficiently sorted into the multivesicular bodies and recycles back to the plasma membrane (42, 43) , ligand-engaged EGFR should enter the recycling pathway in the complete absence of Cbl family proteins. In light of this model, we consider that unphosphorylated EGFR in the detergent-insoluble fraction may have originated from the de novo synthesis pathway or, if they are derived from the cell surface pool, they must have been completely dephosphorylated after ligand engagement. Because Cbl is not known to interact with unphosphorylated EGFR, accumulation of unphosphorylated EGFR in the detergent-insoluble fraction may be secondary to the proteostasis disruption because of active c-Src accumulation. Alternatively, Cbl may possess previously undescribed functions in the quality control of select membrane proteins, including nascent EGFR. Taking these data together, we feel that future studies should clarify the molecular basis behind these observations. Present findings are consistent with an earlier report by Sandilands et al. that Cbl is required for autophagic targeting of active c-Src in squamouse carcinoma cells (36) , providing a confirmatory evidence that a similar molecular pathway is operational in normal epithelial cells. Because of technical challenges associated with manipulating primary cells, we have yet to investigate whether this function requires ubiquitin ligase activity of Cbl family proteins.
The phenotypes of Cbl triple-deficient MECs we described herein are in stark contrast to previous reports, including our own, in the immune and hematopoietic systems. Do Cbl family proteins have tissue-specific functions? Or does this reflect an intrinsic difference between Cbl, Cbl-b double-deficiency and Cbl, Cbl-b, and Cbl-c triple-deficiency? In this regard, we found UPR-associated genes up-regulated in Cbl, Cbl-b dKD MCF10A cells (Fig. S3) , which indicates that both double-and tripledeficiencies induce proteostatic stress in MECs. As for tissuespecific functions, our preliminary experiments indicate that bone Based on the present results, we consider it is highly likely that some of the phenotypes of Cbl-deficient cells and animals may be secondary to the proteostasis disruption from the accumulation of active tyrosine kinases. Reassessment of functions associated with Cbl family proteins may be necessary to incorporate the extra layer of complexity provided through the pleiotropic nature of the proteotoxic stress response. Isolation of Primary Mouse MECs. Primary mouse MECs were prepared from 6-to 12-wk-old virgin female mice as previously described, with some modifications (46) (47) (48) . Mammary gland numbers 3, 4 (without lymph node), and 5 were isolated and minced with a scalpel. Five-milliliter collagenase digestion buffer [RPMI-1640, 25 mM Hepes, 5% (vol/vol) FBS (HyClone), 100 units/mL penicillin 100 μg/mL streptomycin (Life Technologies), and 2 mg/mL collagenase IV (Sigma-Aldrich)] was added to each gram of tissue, and the mixture was incubated overnight at 37°C with moderate agitation. After separating mammary organoids from fat by centrifugation, single-cell preparation was made by incubating organoids in 0.25% trypsin-EDTA for 20 min followed by 0.1 mg/mL DNase I (Sigma-Aldrich) treatment for 3 min and filtration through a 70-μm mesh. To remove the hematopoietic, endothelial, erythroid, and fibroblast lineage cells, the cell preparation was labeled with biotinylated anti-CD45, anti-CD31, anti-TER119, and anti-CD140α antibodies followed by MACS (Fig. S2A ) and therefore used without sorting for GFP-expressing cells in all subsequent experiments to minimize damage to the cells from excessive handling.
For 3D culture, 5 × 10 3 adenovirus-infected MECs were suspended in 0.4 mL complete Epicult B media with 2% (vol/vol) growth factor-reduced Matrigel (BD Biosciences) and seeded in a well of an eight-well chamber slide (BD Biosciences) on top of a polymerized layer of 100% Matrigel. The cultures were fed with fresh complete Epicult B media every 2 d. For chemical inhibitor studies, cells were fed daily. Phase-contrast images were obtained under 10× magnification after 7 d.
All cells were cultured at 37°C in 5% (vol/vol) CO 2 /20% O 2 environment.
Lentivirus Infection. For lentivirus infection, primary MECs were prepared as above and infected with lentivirus at 2.5 × 10 5 TU/mL for 6 h in the presence of 5 μg/mL polybrene. After adenovirus infection on the following day, cells were plated in Matrigel and cultured with or without 1 μg/mL doxycycline to induce shRNA. For immunoblot experiments, cells were maintained in the presence of 250 ng/mL puromycin to select for lentivirus-infected cells.
Packaged lentivirus clones were obtained from Dharmacon/GE Healthcare. The following tetracycline-inducible SMARTvector clones with mCMV/TurboRFP were used: nontargeting control (VSC6571), c-Src shRNA #1 (V3IMMMCR_ 12062595, ATATTTGCGGCTACCCCAG), c-Src shRNA #2 (V3IMMMCR_11382729, GGAGCGGCTGCAGATTGTC), c-Src shRNA #3 (V3IMMMCR_12220731, TCAACTCCTCGGACACCGT).
MEC Transplant. Three-week-old female NSG mice were anesthetized and #4 mammary fat pads were exposed with an inverted Y incision in the abdomen. The developing endogenous mammary gland was excised and ∼1 × 10 5 adenovirus-infected MECs were injected into the cleared fat pad. Each mouse received WT MECs on one side and TMut MECs on the contralateral side. Mammary gland repopulation was assessed by carmine staining of the whole-mount preparation 8 wk after transplantation.
qRT-PCR. Total RNA was isolated using RNAqueous-Micro Kit (Life Technologies). cDNA was synthesized from 1 μg of total RNA using iScript cDNA Synthesis Kit (Bio-Rad). Reaction mixture was incubated for 5 min at 25°C, 30 min at 42°C, 5 min at 85°C, and then held at 4°C. cDNA samples were diluted to 1:10 and mixed with 300 nM gene-specific primers and SYBER Green Supermix (Bio-Rad) in a final volume of 25 μL. qRT-PCR was performed in the CFX96 real time detection system (Bio-Rad) by incubating for 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 40 s at 55°C, and 30 s at 72°C. A melt curve was generated at the end of each run to ensure product quality. From the amplification plot of each sample, a threshold cycle value (Ct) was calculated from the exponential phase. Reactions were performed in duplicate, and relative amounts of cDNAs were normalized to that of Gapdh.
The Mouse Stress & Toxicity PathwayFinder PCR Array was from Qiagen.
Flow Cytometry. MECs were suspended in ice-cold FACS buffer (PBS/1% BSA) at 10 6 cells/200 μL, incubated for 20 min with anti-CD29-APC, anti-CD24-PECy7, and anti-Sca-1-FITC antibodies, washed, and resuspended in FACS buffer. Nonepithelial lineage cells were electronically gated out by labeling with biotinylated anti-CD45, anti-CD31, anti-TER119, and anti-CD140α antibodies followed by streptavidin-Pacific Blue. ROS was detected using CellROX Deep Red Reagent (Invitrogen) per the manufacturer's instructions. Data were acquired on an LSRII (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Immunoblot Assays. Immunoblot assays were performed as described previously (49) . Cells were lysed with M-PER mammalian protein extraction reagent (Pierce) for PERK, eIF2α, CHOP, and IRE1α. For fractionation of soluble and insoluble compartments, cells were first lysed with RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0). RIPA-insoluble materials were lysed in SDS sample buffer.
Immunofluorescence Microscopy. Immunofluorescence microscopy analysis was performed as previously described (49) . Confocal images were acquired with an LSM710 fluorescence confocal microscope (Carl Zeiss). For enumeration, more than 10 fields were randomly selected and a total of 130∼450 cells were visually scored for each sample. For BrdU incorporation analysis, cells were pulsed with 10 μM BrdU for the last 6 h of incubation. After fixation, permeablilization, and blocking, cells were incubated for 1 h with 10 Kunitz units/mL DNase I before incubation with mouse anti-BrdU antibody followed by detection with Alexa Fluor 594-labeled anti-mouse IgG.
DNA fragmentation was detected with an In Situ Cell Death Detection Kit TMR Red (Roche Diagnostics).
Protein aggregate was detected with Proteostat Aggresome Detection Kit (Enzo Life Sciences).
Electron Microscopy. Twenty-four hours after Cre adenovirus infection, cells were trypsinized and centrifuged. Cell pellets were fixed overnight in 0.1 M phosphate buffer with 2% (wt/vol) paraformaldehyde and 2% (wt/vol) glutaraldehyde. Following postfixing in 1% osmium tetroxide, samples were dehydrated in graded ethanol with propylene oxide as a transition fluid for infiltration of Araldite resin. After overnight polymerization, samples were thin-sectioned at 100 nm and stained with 2% (wt/vol) uranyl acetate and Reynold's lead citrate for 10 min each. Samples were examined under a Zeiss EM10A electron microscope or a FEI Technai G2 Spirit transmission electron microscope (FEI) operated at 80 keV.
Microarray Analysis. Total RNA was isolated using TriReagent (Life Technologies) and hybridized with GeneChip Human Genome U133 Plus 2.0 array (Affymetrix). Raw data were processed using the GenePattern platform (50) . Gene-set enrichment analysis was performed on the Enrichr platform (51) . Microarray data have been deposited in the Gene Expression Omnibus Database with the accession number GSE67301.
Genomic DNA Preparation. Genomic DNA was prepared using Gentra Puregene kit (Qiagen).
Oligonucleotides. Genomic DNA PCR:
Cbl F2: CCAGCTTCTTTGTTTCCTCCTTACCTCCCC, Cbl F4: CAATGGCCCTGTTCTCAGCTGTGGGCATCC, Cbl R2: CACCACTTGCCTACCCCAAAGGGATAAACT. qRT-PCR: Cbl: AGCTGATGCTGCCGAATTT and TTGCAGGTCAGATCAATAGTGG, Cblb: GGAGCTTTTTGCACGGACTA and TGCATCCTGAATAGCATCAA, Cblc: CCACCTGCCTGCTTTGAC and GCTACTTGGAGAGGTGGCAAAG, Ddit3: CCACCACACCTGAAAGCAGAA and AGGTGAAAGGCAGGGACTCA,
